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Hydration of Aluminous Cements and Its Relation to the
Phase Equilibria in the System Lime-Alumina-Water
Lonsing 8. Wells* and Elmer T. Carlson

A study was made of the reaction of water at room temperature on eight aluminous

CEments COvETin
viously obtaine

a wide range of composition. Tha results are tompansd with deta pre-
from sinilar tests on the ealefum sluminates, snd aee disoussed in the

light of more recent studies of the svstem CaO-AL;O-H(), Like the less basic calciom
yminatas, the sluminous cemente give risa to metastable monotaleium sluminate aolntions
Tfrom which 200 AlaOy-8H,0 and Al.Dy-eq sre grm:lunll;l.ro?reui itated unti the concentration

haa fellen to sbout (0L19 gram of AL, snd (.44 gram

Cal) per lter. Fram this point,

trua aguilibrinm is approached \rur?_r] slowly, the atable salid phasesd being 3Ca0 AlOpGH O
3!

and maorocryataliine glbbeite (Al 3H O],
migroerystalling form of gibbeite, Tt in aug¥
glue™ ol aluminows cemmenta.  Tha proeess o

by Incressed temperstore, snd probably ie the chief cause of the

uminous cements at higher temperatures.

1. Iniroduction

Aluminous cement, also known es high-alumine
or ¢aleium aluminate cement, is a type of hydraulic
cement in which calcium aluminates are the essential
congtituents. In this respect 1t differs from port-
land cement, which consists chiefly of caleium
gilicates, with smaller amounts of aluminous phases.

The raw materials used for the manufacture of
aluminous cements are limestone and banxite. The
most commen method of manufacture is by fusion
in a reverberatory open-heacth furnece. Eleelric
fumaces have also been used st s number of plants
in Hurope. Aluminous eement is also produced by
{usion in & rotary kiln of a type similar to that used
in the manufactire of portland cement. Altheugh
gintering proccsses hova been used, the most common

rachice is to hept the mix to fusion. Generally, the
usad material is run inte melds and cooled. The
pige of fused cement, after eooling, are crushed,
sieved, end passed through a magnetic separator to
remove metallie iron, and then ground in tube or
ball milla.

A detailed discussion of the history, manufacture,
Ernpart.mﬂ, snd uses of aluminous cement is given

v Liea and Dheach [1].2

A relatively recent and important application of
aluminou= cement i3 i the manufacture of the
so-¢alled “refractory castables” used in stesl furnaces
and combustion chambers [2].  Mixed with a
refractory & ate, the cement acts initislly as a
hydraulic binder. When subsequently heated to
high temperatures it reacts with the agerepate to
form a cersmic bond.

The development of the aluntinous-cement indestry
waz accompanied by s number of laboratory investi-
gationa, hoth hera and abroad, on the chemistry of
the cgleium aluminates snd eluminous cements.
Considerable work in this field wes done at the

*Dracessed.
} Flgurea in hrackots Jodionte the Titémibuce rabeactices wi £be end of thisraper,

The precipitated Ali{k-aq iz shown to
estad that this phase i the principal “inergeiic

he a

g 1o macroerysielline gihhsite ia acoelerated
ecreased strength of

Buresi. In 1%21, Bates [3] published the results
of his study of the cementing guealities of the calcium
aluminates, He showed that the compounds
Ca0-ALO; and 3Ca(-541.0; have satisfactory setting
properiiss, whereas the twn more basic aluminntes,
5Ca0.341,0, and 3Ca0.ALQ;, react ansergetically
with water and set too rapidiy for tﬂracuc&l use,
In 1628, Welis [4] published s paper on the mechanism
of the reaction of water on the enleinm aluminates
and on & high-alumipa cement. In 1930, Bates [5),
at the mecting of the Internationsl Association for
Testing Materials in Ziirich, reported on the compo-
sition and properties of aluminous cements from six
countriez, Thiz investigation was conducted jointly
by the National Buresu of Standards and the Atlas
Lummite Cenrent Co.

The data on which the present paper is based were
obtamed during the same pericd, but for varous
ressons have not hitherto been published. In the
meantime, studies of phase equillbria in the system
CaQ-ALO,-H,O, first at ordinary temperstures [6],
Inter at higher temperntures [7], laid the foundation
for & hetter Iterpretaiion of the earlier datd, Cther
investiputors in the United States and in other
pountries hawve contributed preatly to the present
knowledge of the sluminous cements. A compre-
hensive review of the work pertaming to the system
Ca3-AL0,-H,0 was published by Steinour in
1451 [8]. The composition of the anhydrous alumi-
nous cements, and methods for caleulating the
compound composition from snalyticel data, wera
reported on by Parker [9] at the Third International
Symposiom on the Chemistry of Cement in London
in 1852,

The chemistey of aluminons cement is wery
cotoplex, and despite the weaith of excellent data
on the subject, it cannot yet be said that the setiing
and bardening of this material are completely
understood, e purpiose of this paper is to present
dain relative to the reaction of water on alumineys
cements, to attempt to interpret these in the light
of present knowledge of the svatem CaC-AlO-H.O
and the composition of the anhydrous cement, and
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to make certain deductivns as to the reactions
involved in the setting and subsequent properties
of aluminous cementa,

2. Aluminous Cements

2.1. Oxide Composition

The aonlyscz of the cight aluminoys eements in-
cluded in this study are given in table 1. Six of the
cetnents are of the same brands as those described
by Bates [5], but of different lots; the annlyses there-
fore diffar alightly from those given by him.  Wumber
7 is a white aluminous cement, and cannot be con-
axlered typical, a=z most aluminows cemrents ave high
in iron. As was pointed out by Bates, there is a
wider range in composition than would be found in &
gimilar group of portland cements from various
conntriea. This iz true aven of the Cn( and ALOy
content, alchough the iron oxides and 810 show much

eater variability. The ratio of ferric to ferrous
1ron varies widely, reflecting differences in the furnace
atmosphere during manufacture.  Titania, derived
from the bauxite, uanally is present to the extent
of about 2 percent.  Sulfur present as sulfide was not
separately determined, but was khewn to be present
in some of tha cements. Allkolies were not deter-
mined, but in genersl, the alkali content of the slumi-
nous cements is much lower than that of portland
cements. Many aluminous cements show a gain in
weight on ignition, probably becanse of oxidation of
ferrowa iron,

The wide wariation in composition was accom-
panicd by pronounced differences in the appearance
of the elinkers. (The term elinker is hore applied to
the unpround product of the furnace, even though
in most cnses 1t had beon completely fu=ed.} The
clinker of cement 3, which had not been fused, was of
& light-brown color. The abusence of FelD cloarly
indicatez that this clinker was burned voder exadizing
conditions, (linker 1, which had been fused in n
ratary kiln, showed evidence of having been quenched
in water. The centerz of the pieces were dark, bt
the surfpce layers were reddish brown, indicating
oxidation dermg ccoling. Clinkers 2 and 4 were
almost hlack snd epparently had been cooled i
molda. In both enses, most of the iron iz in the
ferrous atate. Clinkers were not available for
cements 5 to 8.

Although the cements hsted in table 1 were pro-
duced sbout 1928-29, rather carly sfter the advent
of alominous centents, they ara not essentially differ-
ent from thoss recently reported on by Parker [9].

2.2, Compourd Composition

Although the aluminous cements may properly be
classified as caleinm eluminate cemrents, navertheless
the commercial produeets are decidedly different in
compnsition from the simple anhydrous caleiun
aluminates or mixtures thereof. In a diseusaion of
the compound composition, it i3 convenient first (o

consider the aluminons sements in relatioh to the

Tapre 1. Chemical analysfs and calowlated componnd comparition of aluminous camants
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slzatam Ca0-Al,5i0,, ignoring for the moment
the other components.  Compositions * * repressnia-
tive of the slumimous cements lie in the areas
CACSCd;, CACSCAS and CACASCA,
The two less-basie aluminates, CA and CA;, have
excellent cementitious properties, whereas O, A, sets
rapidly and has poor cementitious propertiss. The
silicate T8 is very slow in developing atrength,
wherens {4AS (gehlenite) iz practieally mert. As
Lea and Deseh (1] bave pointed out, any change that
tenda to increasn the content of CLAS in a cement &t
the expense of C5 and CA, or of CpAy in place of
CA, or of the siliente compounds m place of the
sluminates, may he axpected to be detrimental to
strength. They ware carelul, however, to point out
that thiz arguinent sould not be porsued further, ns
at that timo there were no data availeble on the
quaternary syatem Ca(-AlihSi0-Fely i the
neighborhood of aluminous-cement compositions,
and that predictions eonld oot be made as to how
changes in composition will affect the manmer and
order in which the warious compounds crystallize
frem the melt. They alza pointed oot that the
natere of the compounds formed will be affacted by
changes in the preportion of the ron present in the
forrous and ferrie conditions. Because of the
importance of ithe effect of ferrous gnd ferric oxide
on the composition of alumineus cements, an exten-
sive investigation on this subject was undertaken at
fhe Building Resegreh Stativn of Great Britain.
The results of these studies [8] have greatly increased
cur kmowledga of thess coments.

Prior to that investization, considerable informa-
tion had been oblained by earlier investipators on
the mineralogical content of commercial aluminous
cements and eomparable laboratory preparations.
Extensive reporls on the subject were given by
Sundius [10] and Tawvaszel [11} at the Bymposium on
the Cliemistry of Cements in Stockbolm io 1935 and
by Parker [9] at the Symposium in London in 1952,
Among the constiluents” identiied by the earlicr
workers were CA; (3 AS (geblenite) ; glass secn in thin
section (zometimes slmost black and nontransparent,
hut in other clinkers lighter in color, oflen with a
dark opaque constituent dizsperzed with 1t); a brown
constituent thought to bo CLAF; and a hrownish
anistropre material showing leochroism and chasei-
fied as "unatable Az It has been auppested thot
the dark epague material in the glass may ba mag-
nefita, Fca&. Stable Cid;, with the mdices rajsed,

oasibly by solid solution, has alse hesn reported.

lacolu [12] found monocaleium ferrite, Ca(l-Fe(y,

m aluminous cements poorer in Call, but absent in
others.

Sundiua (10} in particular drew attention to the
presence of a glass containing wustite (Fe()), and to
the probability that the mineral praviously identified
a3 unstable Cpa, conlained FeO, 510, and perhaps

U In the interaat of brevitr, the short-band derlgnatbens commonly sdapted for
tha rarlous axldes will be pead {nterchendeably with the conrontionsd fommalas
in this paper: O =080, A=Ally, =310y F=Feily, F'mFed, M=higd,
T-=Ti0n, and H=H;.

? Thet potteprnymels eaylier desitubed O Az wnd CaAy are now pravernliy belicred
0 be Cpda snd CA cospeolively. The newer Jormulss witl be wead io this
peper, eneegk o peteremne to carlier worka.

Tilk, as well as Cal) and AlLO;. He alse suggested
the probable prescnce of FeO and Feld, in any

enite mineral that ocomrred. Tn addition, he
dentified the presence of perovskite {CaQ-Ti(;), a
ferrite, and iron sulfide, FeS. Sundius pointed out
that when dicalcium gilicate iz present in cement
clinker it generally forms ill-defined tﬁrmns easily
gverlooked and recognizable chiefl rough their
hie,;l refraction and rather high double refraction.

avasci [11], by mesne of microscopic examination
of polished surfaces by reflectad light, obtained
results in substantial agreement with the findings of
Sundius execept in the identification of the ferrites.
He svapected the presence of more acidic alumino-
ferrites than those in the {LAF-CoF series of solid
solutions. )

The very important investigation recently reported
by Parker {9] was concerned mainly with: (1) The
problem of the composition of the mineral known as
unstahle CpAg, (2] the composition of the ferrites
(compounds containing FeysOs), and (3) a method of
calnura.t.in.g the compound composition of aluminous
camants,

a. Unstahle SCalr 3810,

One of the minerals commonly ceeurring in alu-
minous cements has been tentatively rdentified
herctofore as the upsiable 5C20-3A1L,0; reported Ly
Rankin and Wright [13] in the system CaO-ALO;.
Parker showed that the cement constiteent is
more complex, probably having the compoesition
BCR0-1ALD, Fe.5i0,, with some MgO roplacing
FaO. He has proposed the following list of assem-
blages contsining Fe(r that might pertain to alumi-
nous cameni:

CA-CLAF B CoAr Oyl
CA-CWAF B-Ca-Ch AT
CA-CiAF'8-CrAr-FeO
Gy F*'5-Crear CE-Fel
CAC AT B-CiAR-FeO.

Those coniaining Fe() as a scparate phase would give
& theoretical hasis for Sundius’ observations on the
presence of plasses containing inclusions of wastite.

b. Ferriteg

As pointed out by Parker, knowledge of the phase
equilibria of tha ferrites i1 aluminous cernent i stifl
incomplete. In a study of the area CaO-CAF-CA,
McMurdie [14] found that the eluminates, A, C;-
A, and CA, toke up to 2.3 Eement of Fa, into
solid solution. Swa.jrzcél-ﬁ] showed that the solid-
golution series between ObF and a hypotheticel C.A
extends a= far as CLALF in the CoA-divection. From
these and other eaclier datn, together with data from
his own investigations, Parker concluded that mixes
in the wlumineus cement region may crrstallize in
one of the follvwing asserublages:

CizAyfas) and CAE)

CAlagd, ChiAr(eg), and CeAsF

CAfga) and a aolid salution on the line CaAF-CHF

CAlsa), OF(es), and & solid solution on the ling Cud,F-C,F.
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Parker nlso stated thet evidence from the expmi-
nation of microrcopic sections shows that the com-
position of the ferrite can proceed as far aa & point
. corresponding to CyAF;, although the equilibrium in
thia case 18 not in the sy=tem CalkALO-Fel), but
nnﬁ]umiuuus-camﬂnt compostiions having additionnsl
oxidos,

Parker applied a teehnic&m of microreflectivity
measurements on polished
indications that cements whose aluminate constitu-
enta ara solely unstable CgA,, or the latter with atahle
Cidy, are in eqnilibrium with the ferrite CyAF; ce-
ments containing unstable (A, with a little CA are
in equilibrium with a eolid selution lving hetween
o and CATF; and those containing mainky CA
with a fervite soluiion between C.A_Eg and C AT,
Parker pointed out the need for further detailed
study within the system CaQ-ALOs-Fe0; end &
goried of studies of the equiibwium of the four com-
ponent systermn CaO-AlL0y-Fe0.-Fe(),

e, Ciolculation of Compound Composition

Parker [9] devised methods for caleulafing the
compound composition of alnminows comenta from
the oxide anslysis, making wse of the information
derived from the phasa and mineralogical studies de-
acribad in the previous sections. For a number of
reasons, discussed in Parker's paper, the solutions
are poly approximate,

The compound eompositions of the eicht alurni-
nous cementa listed in table 1 are given in the lower

art of the table. The methods of Packer were fol-
owod, with certain unaveidable departures. Far-
ker's procedure requires a separziv anslyveis of the
residue left undi=sslved efter n specified noid treat-
meni. Maost of the samples of the coments listed in
table 1 had been discarded before Parker’s report ap-
peared, henee it was necessary to base the compound
computation on the totel analysis. Cements 4 and
6 were =til] available; they were therefore reanalyzed,
gnd the caleulations were based on the ahalysis of
the soluble portion. Further modifcations were re-
quired in the caze of cement 7 hecause its composition
iz outside the rangs in which Parker’s methods apply.

Granting that at best the calenlations give only
approximaie solutions, nevertheless, the tabulations
given in table 1 show that the compound composi-
tions of the differant cements vary markedly from
one another. Parker likewize showed for the eight
cements on which he reported, that there was wide
vorigtion in the calenlated compound compositions.

3. Mechanism of the Reaction of Water With
Alominous Cemenis
3.1. General Procedure

The procedure followed was to shake the aon-
hydroua cement with distilled water in the propor-
tion of 50 g of solid to 1 liter of water for a given fimo
and then to filier the mixture rapidly ﬁu‘ou &
Buchner funnel, SBamples of these Altrates were
taken ai onca for chemical analyses and for

H
determinations, The filtered solutions wern t.l?en

in sections and found -

got aside in well-stoppered flaska for further observa-
tions. Part of the lime and alumina preeipitated
from the clear solutions, on standing, n chenging
from an unstable condition to one more neary
approaching equilibrium. At o later dote the re-
sulpting mixtures were flfered. Samples of these
filirates wera alzo taken for chernical ahaly=es and for
pH determinationa. The precipitates were washed
with aleohol and ether and dried in & degiccator con-
taining anhydrous caleintn chloride. The dried
mztarial wons examined with a pefrographic micro-
a;;:rﬁe. and in many instances was analyzed chem-
i nﬁ for lime, alumina, and water {lose on ipnition}.
n Bl cases the molur ratio Ca(/A),0 in the precipi-
tate was calculated from the difference between t
compoesition of the unstable solution hefore and sfter
precipitation.

In general, thig iz the procedure followed in the
earlior study of the reaction of water on caleium
aluminates and a hiph-alumina cement [4]. In that
invostigation the mixturcs that precipitated from the
clear unstable aluminate solutions wore sllowed to
gtand for 2 weeks before filtering. In the present
ztudy they were kept for 4 to 5 months to approach
mare nearly a stendy state,

3.2. Bedaction With Anhydrous Colcium Aluminates

The mechanism of the reaction of water witl the
anhydrous caleium aluminaies was the subjeet of an
earlier cPa,]:uar [4]. The pertinent findings sre sum-
marized here to facilitate comparison with the data
newly presented.  Fipure 1 shows the compositions
of solutions resulting from the action of water on
thres anhydrous aluminete compositions: CA, Cidy,
pod Ci4, (The older formulas are retained here,
becauze they represent the actual proportions of the
oxides present.) The figures adjacent fo the plotted
points indicate the time of contmet betwsen liquid
and solid phases. Trcalcium aluminate, CyA, is hod
included because its reaction = too rapid to be fol-
Iowed in thia way.

Despite the range in CaO/ALO; ratio, all three
sluminates reasted m mueh the same manner. The
solutions spproximated the eomposition of mono-
caleium aluminate, bat were slightly more basic.
The eoncentration reached a maximum in about 30
min {2 hr in the case of Cgdy), then decressed as
solid phases separated out, The fall in concentra-
tion became vary rapid botwesn 5 snd 6 hr for CA,
and between 2 and 3 hr for the othei two aluminates.
This {all waz accompanied by a rise in pH. The
parind of rapid precipitation snded when the con-
centration was approximataly 0.5 g of Cal) and 0.6 g
of Al per liter {point A in fig. 1). From this
point the precipitation was very dlow, and the
curve AB becomes almest verticsl (that is, the Ca(
concentration remained pmﬂnag{ constant as
Al(}, 3= removed from solution’. B ave onn-
cantration at B is 0.46 gof CaQt and 0,16 g & por
liter. The pH continued {0 rise during the letter
ataze, and became 11.7 to 11.3 when B waa reached.

an the clear fltrates obtained at the earlier
periods were allowed to stand, precipitation sterted
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El;%lin 2 to 3 hr, and followed the same path along

Chemical anaiysis of the materiol procipitoted in
the approech from azn unstable condition to one more
nenrly ppproximating s steady state (B, fig. 1)
indicated a molar ratio of CaO/AlO, less than 1.0
Microscopic examinntion showed thai the samples
were composed almost wholly of two phases:

A. A erystalline phase in flat, nal plates
with the refractive 1ndices of the better develeped
erystals as follows: »=1.585 J0.004, e=1.515
£ 0.005; optical character uniaxial negative. There
were spherulites consisting of radisting aggregates of
thege erystels. The refractive indices were some-
what variable, At the ilme, this was balieved to be
8 hexagonal tricalecium aluminate hydrate, but later
work [6] has shown that it was mors probably dieal-
cium aluminate hydrate,

B. Amorphous maserinl, spparently colloidal ag-
gregates, often in g];]]iemidﬂ] forn in  Irrepular
clumps, also in thin ez, as if broken away from
the fgmltainir:f weamel, (Hten this film of material
was imbedidad in and partially eoverad the clusters
of hexagonal plates described vnder A. Thir indi-
cates that the films were formed subsequent to the

gpherulites of the hydrated calcium aluminate. It
was difficult to obtain the refractive index of the
amorphous materisl. The average index wus about
1.48, but in some instances it was somewhat higher—
in 8 few cases nearly 1.55. Often the refrective
indexx of the outside of the pellets and flakes was
preater than that of the inside portion. Tha amer-
phous material ia believed to be hydrated alumina,

There were, in addition to the above, minor
guantities of two other phascs:

C. Isotropie, isometric cryatals with an index of
rafraction very close to 1.605. Later inveatigations
have shown that thia was UpAH, This phase was
found in enly a few of tha precipitates, and then in
small amounts,

I}, Calcite. Thia ocowrred 1 agprepates of very
minute eryetals seldom exceeding 5 o i greatesi
dimension. It oceurred in very smell amounts, and
not in all samples. The quantity of calcite
found in the precipitated material undouhbiedly
resulted from elow carbonation sfter the mixtures
were filtered, as no carbonate was found directly
upon filtering. . )

From these experiments it would appear that the
reactions between weter and monocalcium alomi-
nate, as well as the 5:3 ealeium aluminetie and the
3:5 calcium aluminate, sre in part related to the
Er&cipimtiun of hydrated aluming snd = ngsta]hna

drated caleium aluminste {probahly 2CaO-AlL)--
8H.)) from metastable and supersaturated mono-
caleium aluminate solutions,

Other investigators have verifiad these concluzione
and added to our knowledge of the mechenism,
Assareson [16] showed that the various ealeium
gluminates dissolve in water at first without hydroly-
gis, 80 thet the ratio of Cald to ALQ; in solution ia
the same ga thet in the original material. How-
ever, the composition of the solution soon changes
bacause pure calcium aluminate solution can contain
lime and alemine only in a ratio abeut 1-1:1. In
the cage of anhydrous CA, the original C/A ratio in
aolution is 1:1, but this increases shghtly as hydrated
AL, is separated by hydrolysis, and the eoncentra-
tinn continues t¢ incresse in the OfA ratio about 1:1.
The same is true of anhydrous O,A,, except that the
ALO, separatiog is correspondingly greater. With
LA, the same process oocurs, exceph that here the
hydrate 2C20-ALO-SHO 1 formed simultanasosly
with p emaller amount of hydrated A1L,O,;, and the
maximum concentration attained s not so high.
This is reflected i the mors rapid set and the lower
strength of C,A, pastes as compared with the less
beaic aluminates,

The observation of Assarsson abont the initial
solubility of the caleinm sluminates was confirmed
hy Forsen {17] and Hedin [18]] by shaking small
amounts (0.2 g} of the calcium aluminates in & large
excess (1 [iter) of water at 20° C.

2.3. Heactions With Alumincus Caments

Data relating to the composition and pH of
solutions obtained from the cight alyminous cementa
are piven in table 2. The data in the columns
designated A" refer to the clear filtrates immediately
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after removal of the cement residue by filiration.
Data in columns desipnated B apply to the same
filirates after they had stood for 4 to 5 months. The
term ‘st aguilibrium’ is here used for bravity, but
& true equlibrium does not actuslly exist st this
stage. It is mther a prolonged metastable or steady
ﬂat-e, the significance of which will ba discussed
tar

From the dats of eolumns 2 and 5 it is seen that
the reactinnfof ?ra.l:er m:ﬂa.ll othﬁla aluminous c?m&t]?
progressed fairly rapidly. 8 quanbity o t
aluminz and ]jmi; disselved by the water attained a
maxdmum i 2 to 6 hr and then gmdua.hlal‘i; decreased .
Furtber shaking of the mixture resulted m a rapid
decrease for the white cement (No. 7) after the
maximum at 4 hr, and a more gradual decresse for
the other seven cements. In all cases the decrense,
in turn, becgme slower 48 time progresscd,

It is interesting to observe {column 7) that the
aight cements, which differed considerably in oxida
compomtion snd markedly in ealeulated compound
comnposition (table 1), reacted with water in the sarly
periods to form calcinm aluminate solutions with o
molar ratio, CaOfAlO,, of a{)pmxima.t.ely 1. Ezxecept
for experiments § to 8, melusive, for cement 7, the
average molar ratio of the other 85 solutions was
1.15, with & range 1.06 to 1.29, for periods up to and
including 12 hr. The lime in solution in excess of
Ca0- ALy, as grams of Cadd ﬁar liter, {column 9}
averaged 0.1175, and the pH of thess solutions
(column 11} averaged 11.25. At the later periods,
the molar ratio, Gﬁﬁlzﬂa. in solution had increased,
with a simultaneoys incresse in pH to 11.6 to 11.7,
even though the sctusl quantities of both aluming
#nd lime in solution had decreased. Tt should be
noted (eolumns 9 and 11) that the increase in pH is
accompanied by 8 correaponding incraase in lime in
solution over that calculated to be in combinetion
with the alomins as monocaleivm slominate, A
more Jetailed diseussion of thiz relation will be
presented later,

Turning now to a consideration of the determined
and caleulated data of eolumns B of table 2 in com-
parison with those of columns A of the same table,
it ean bo seen that changes identical with those
dezeribed above glso took place in the metastable
poelutions that had been filiered from the reaction
mixtures and subsequently had ﬂ.Iprmm_-.hed 8 INCOTE
steady =tete on standing. Port of the alomina and
lime had precipitated from the clegr metastable
filtrates, leaving “‘equilibrium™ eolutions similar in
composition to those obtained when the aluwminous
cemrnts had been left in contact with water from 7
t0 28 days. ‘The moler ratio of lune to alumine in-
creased a8 the metastable solutions approached
equilibrium on standing, a8 can be noted from a
compariron of the values of column T with those of
column 8. This was accompanied by an increase in
pH to about 11.75, & valuc slightl mter than that
obtained for the solutions ﬁltereci rom the reaction
mixtures at the later periods up to 28 dass.

From columne 4 and 6, table 2 {again exciuding
axperiments & to 8 for cement 7) the average con-

centration of the calcium aluminate solutions at the
“stendy state’ ia 0.19 g of AlD, end 0.46 g of Cal
per liter, which is very close to the composition of

int B {fig. 1) obtained with the pure aluminates,
)ﬁle aversge molar ratio, Ca0/Al(), in the pracip-
itate {column 13 m table 2% was 0.66,

In figure 2 the quantities of aluming and lime
dissolved in water ({recorded in colurmons 3 and 5 of
table 2} and the pH of the solutions (column 11}
ara plotted against the time of contact of the cement
with water up to 24 hr. The similarity of the pat-
tern of reaction of these cements, differing widely in
compoation, is worthy of note,

In figure 3 the concentration of alumina in solu-
tion at the different time periods (column 3, table 2)
i plotted apainst the concentration of lime in solu-
tion {column 5, table 2}. In this figure, #3 in
figure 1, the data adjacent to tho glotrt._ad points
indieate the time of shaking before filtering. The
closed eircles indicate that the concentration of the
solution &t the time of filtering was increasing, end
the open circles that it was decreasing. The erosses
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reprezent the compositions of solutions after atlain-
ment of & steady state {columns 4 and 6 of table 2).
Nota the marked similarity of paths of the resction
for the eight aluminous cements, and their close
tegemblance to the composite path of the three
aphydrous ealcivm aluminates, shown in ra 1.

o precipitates, for which the CfA raties are
given in eolumn 13 of table 2, were examined micro-
scopically. They were similar to the precipilates
soporated from the solutions cobtained on shaking
the pure aluminates with water, but with minor
differences #2 noted balow, The precipitates ware
composad almost wholly of two phases (A and B)
with minor emouvnts of three others. A deseription
Jollows:

(A) ¥lat, hexagona] plates, often spherulites;
uniaxisl, negative: =152 to 1.53. The individual
crystals were extremely small, especially when precip-
itated from the more cotgentratod sojutiooe, When
oriented edgewize they appeared like short needles.
This phase 15 beliaved to he 2C80.ALO,-8HO.

(B)pAmurphoua meterial, apparent]ly eolloidal
appregates often in spheroidsl form in irreguler
lumps. These round isotropic pellets were often
very munute (<0.005 mm}. Ae in the case of the

Lexagonal plates, the finer sized pelleta ipitated
from the more concentrated solutions.  The zpherules
ocemrred as individuals or as linked groups. The
index of refraction could not ba determined hecause
of the presence of n thin shell with higher mndex
than the interior. The index of the shell was about
1.570 +40.003. This value was somewhat higher
than that of tha shall of the pellets formed from the
sluminate solutions when anhydroys calcium alu-
minates were the starting materials. The higher
index of refraction of the shell may he associated
with the tima of aﬁing of the precipitated material.
It may be recalled that the solutions had stood 4 to §
months, as compared with 2 to 3 weeks for those
obtaingd from the pure aluminates. The index of
the shell i9 close to that of gibbsite {Al0,3H,0;
Eﬁea.n index 1.573): the latier, however, is bire-
iupent.

s amorphous meterial alse occurred in thin
flnkes, especially in material that had precipitated
slowly (passing aﬁll]:nxima,tral}r from A to B ia fig. 1).
Like the pelleta, flakes had a thin shell of higher
index of refraction, at times as high as 1.57 but
ganerally lowar. The film often covered the pellets
and the hexagonsl plates {phase A}, indicating thet
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it had formed subsequently.  Both the film and the
pellets nre believed 1o T a form of hydeated
ahuming,

() Caleite. This oeeurred in very small amounts
sl only in a few of the samples.

(1) Tsomutric prystals of 30a0-ALOGBILO, index
viery close 16 1605, This phase wus found in small
amounts in ghout hall the precipitates. 1t ocenrred
more frequently than m the precipitates from the
solutions oltamed with the anhydrous aluminates.
This mny e sssocinted with the longer period of
mgzing e isometnie ervstnls wero found i the
precipitutes formed  from metastable eslutions of
vitFous eqncenieations,  Sowme of the betlor devel-
oped erystals, however, wore formod from the more
hilute shlutions and often oeenresd on the Makes of
hyvdratod wlomina,  This may indicate that they
wers formed subsequent 1o the flikes.  Figure 4
shows some of these ervatals oo Hikes of hyvdratod
aloming, 1t also shows the churaeteristic pellots of
bivdreated alumion o5 well a8 some wellsdevelopaod
hexsgnnal plates,

(E) Caléium sulfo-aluminate, 3C80-ALO,- 800S0,
$2H0.  This oceurred ns long birefringent noedles
(w= 1405 e=1438) in only  theee  somples (from
anlutions obtained with the Hingarinn cement TTN-1.
It was an abundan phase i the precipitnte from
the salption obtwined by shoking this coment with
water for 16 min, Tt waes pot penedy o abuadnnt
in the $0-min preparation, still less shundant in the
Llie preepacation, snd absent in the 2-he prepiestion
avid all preparavions therenfter, Tt should e re-
ealled that this pement was burned under oxulizing
condition.  The total sulfur ns SO, was 0,94 per-

Phatimderagiapl adiieing foooiteie B0a00ALD:
LAY swbinddot v ke of hgolrafod alwiminn, ol ;’Iﬂ”ﬁ:ﬂ

Fiowun 4,

ol Fepelveptiend el conid g Fn o atale af 3OHCLALOSIT O
Uil guligtya)
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aluming exists in solution as the ¢

cent' (table 13, and there was 1o ovidenoe of the
presenee of any sulfide sulfur.

To summuinze, it appears that the renctions be-
tween water anid the aluminous cements, as in the
case of the aohyidrous caleium aluminates, are in
part related to the precipitation of livdrited aluming
anil a erystalline hydrated ealeivm shuninate (proh-
ably 2000 ALOGS AN from metastable and super-
saturated monoealeium aluminate solutions.

3.4. Nature of the Calcium Aluminate Solutions

In_an earlier paper [4] it was shown that the
i s sl of
mnobasie aliminde aeid, amd that' the quantity of
Ll i oxeess of his salt (that is, s caleium fydros-
ide) determines the pi.  The dats in eolumne 9 1o
12 of falle 2 support this conelusion.  Referring to
figrmire 1, the pH values of solutions along the hne A A
rivtige fromeabout 110 40 114, Although the totusl
CutY i solytion deerenses slightly from A to 13, the
pH rses o 117 1o 11.8 a1 B, ewmng to the merense
i Clal) iy oxees= of monoeslem alaminnte.

A devailid diseussion of the hydrolysis and ionza-
pion of the caleiom aluminate in solution was given
i the parlier paper 4] As reported therein, fhe
digros of hvdmlyeis, b, of the aluminate in solution
wos ealonlatod from the squation

W Kw
I_—-"'ll.'=I K_u =|I'HH,

e whieds )t the coneentration, in moled per By
of the dissolved CalAIO), (or CuO-ALOY), Ky s the
wompniton constont of water, K, 15 the lonation
constunt of HAW)L, and Ky is the hivdrolisis con-
stant of Cu(AlOL).,  This equation is approximate
heemuse of the sssumption that the degree of 1nize-
fon of the bage, Ca(OH ), isthe game us that of the
unhyiralvasd  CatAlOD,.  The  saloe  Ky=13<
160-0 was adopted as the approximate avernge of
vitlues I'W]Hll'ld‘ll i the Btersfore. The waliue of &
Tuns pvewe Dieens povendenilotiond ony dhed basks that K=
Lsctor as _wrpmr'tmi by Shede (18], Taking as a
specilie pxnmple comend 1 oot 2 he, U point of o
mum concentistion (see table 20, amd basing the
calerdations on the concentration of AL, ns pginya-
lett t bhie muopoedeioim alatminate i solintion,

RO 02014)_ 101
1—& 20

From, this equation, & s paleolated 10 he 0068;
that e, the pereentage of hydrolvsis is 6,8, This
miontis  that (L0204 0S= 000370 mole,  or
0002740 equivalent, of CalOl); results feom the
il hydrolyvsis of monocoleinm oluminate. To
expriss ths quantity of CafOH) o terms of pH i
5 necessary to know its degres of jonization into
Ca s OF i the presenee of the anlivdrolyied
monoenlvium  aluminsto. While  the  degroe of
inmization 15 not known, some other ealeulations,
L on g lL mesgsneomennts, hve indientsd et e
cileium hydroxide behinves as though it were shout
W pereent domiwed o the presence of the above

=)L
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quantity of monecaleium alurmmate,  Accordingly
with an assumed ionization of 60 parcent, the pH o
the hydrolyzed caleium aluminate solution has bheen
calenlated as follows:

—log:e) - =log A2H L
PH_'IDE':[H+]_“IDE 1x 10—

=log (0.0G2740%0.6)F log 104
=log (0.001644)4- 14
=(7.216— 10)+14=11.22.

Himilar caloulations for the other seven coments at
the point of maximum solubility give pH vailues
rangmyg from 11.2) to 11.25. The spread in corre-
sponding observed values for the sight cements ia
11.08 to 11.39, with an average of 11.20. In general,
the agreement ia fair for all the solutions obtained
o1 reaction periods up to 10 or 12 he.

The pH wvalues obtonined in corresponding experi-
ments with the anhydrous ealeium aluminates aver-
aged 1124, apain illustrating the close relation be-
twern these and the alumjnoys cements in respect o
their reactions with water.

It should be pointed out that one of the products of
the hydmlysis of & monosaleium alominate solution
i hydrated aluminn which is only sparingly soluble
under the conditions of the experiments. ‘Thialeaves
a dlight excess of ealeimn hydroxide wlach tends to
prevent Turther hydroly=ie. The net resvit is that
the molar proportion of lime to alumine remaining
in solution 12 always slichily in exeess of 1 to 1.

From the forepoing it i3 apparent that ithe alumi-
noua ecments, like the anhydroos caleium aluminates,
react with water to form solutions of monocaleium
atuminate. These und partial hydrolysis, form-
ing hydreted alomina end leaving a slight excess of
CafOH), in solution.  The aohitions alzo are metasta-
hle with respect to crystelline calciom aluminate
hydrates. e one that precipitates firat, under the
conditions of these cxprriments, is the Uy A-hydrate,
The process decresses the amount of exeesa CadOH),
in solution, thue favoring further precipitation of
hydrated alumina, antil 2 steady state eventvally
is attained. The molar ratio, Ta(/AlLD; in the
precipitates obtained in thie study (table 2, columm
13) wae (.86, Thiz ia approzimately equivalent to
1 mole of CyA-hydrete to 2 molez of hydrated AL,

4, Equilibria in the System CaO-AlO;-H.O

The hydmted caleiom aluminates have been the
subject of muny investigations and the data hove
beenn amsembled on numerous oeccasions. Walls,
Clarke, and MeMurdie [8] in their study of the
aystem Ca(-ALO;-H:O assembled much of the data
on these compounds. More recentflf' the present
knowledge of this subject has been sbly suminarized
by Bteinour [£]. Conzequently, it wi]lyhe NeGessary
to take up at this time only the factors that have a
bearing on the problem at hand. It should be siated,
however, that the siteation in regard to the com-

pounds containiing alumina is complieated by marked
pimilarities in the crystalline structures and optical
properties of various calcium aluyminate hiydreetes.
Alsg, the calelum aluminate hydretes and other
more complex sluminates tend to form in states
which thoogh mestastable are nevertheless lnghly
persistent,

4.1. Calcivm Aluminate Hydrates

Among the numerous ecompositions that hawve
boenn reported for the varous caloivm aluminaie
hydrates, the following appear best established

6Ca0. ALC: 33H0
5Ca0-AlD, 34H, O
4Ca0-ALO,- 12-14H,0
30 ARy 18-21H O
FCA0 Al Oy 10-12H 0
3Ca0 AL O, AT,
2080 AL 0, T-9H,0
Calk ALk 10H 0,

The variable water-content probably reflects
differences in the mode of drving of the preparations.
Lower hydrates have been reported, resulting from
more vigorous deyng.

The frst, sacond, and fourth members of this list,
g0 far a8 kmown, heve not been prepared in the
ahsence of substances exbraneous to the system
Cal-Al-H.(».  In sy case they probably are not
pertiment to the present subject, and will not be
further discussed here.

With the exception of 2Ca0-ALO8HO, which
belonps to the cubie system, all the various coleivm
aluminate hydrates crystalliza with hexagonal or
lower symmetry. Whether & particular erystalline
speaice actually = he nal or of lower symmetry
seems less important than the fact that all these
compounds are apperantly struetursily related.
Coneequently, it will be convenient to refer to the
hexaﬁ:nnal-ﬂ,pp-earmE crystals simply as “he nal.”

Tt has frequenily bean pointed out that tha hex-
agonal sluminates sre difficult to diffentiate under
ilie microacope, because the refractive indices vary
more with the degres of drying than batwecn tha
VAIIOUS specied. (Elsu thera may ba intargrowihs of
twa species. X-ray diffraction patterns have been
maore helpful, but even here some confusion exists,
becauss the patierns are closoly ralated. Newverthe-
less, it 18 possible to identify both the C.A-hydrate
and the CA-hydrate by their low-angle reflections.

The comppund Ca()-A3,0, 10H,0 was reported by
Assarssen [20] over 20 vonrs . but its importance
appeara to have been overlooked by ather investi-
gatore until recently. A ible reason for this
oversight iz the fact that the most distinctiva line
on the X-ray pattern of the CA-hydrate occurs at
about 3% 8, which is below the working range of
earlier X-ray diffraction aquipment. Longuet [21]
in 3 diseussion of & paper at the London Symposiom
on the Chemistry of Cement, reported the prepara-
tion of a CA-hydrate for which he indicated the most
prohable formauls to ba Cad: ALDL.THO,  Tho X-ray
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E&ttem repotrted was identical with one esrlier given
¥ Brocard [22], who then regarded it, however, e
possibly representing o new (hA-hydreta. Patterns
. Im agroeement with those reported by Longuet
and Brocard have been vecently ohtained at the
Burzan on hydrated pastes of monocaleium aluminats
and on aluminouz cementz, The pattern given
bg' Aszparsson [16] for his CAH,, is similar to one
obtained at the Buresu on & preparation believed to
be & mixturs of CA- and 3&- drates, the main
diffarence being the aksence of the 3° & lina from
Assarsson's pattern. This suggesta the posaibility
that the CA-hydrates of Aesarsson, Brocard, and
Eooguet are the ssme species, and that the prepara-
tion used by Asesrsson for his X-ray pattern mey
have contained some CyA-hydrate.

The other three hexagonal compounds, the A
CiA-, and C.A-hydrates, have besn discussed by
numerous investigatora. Present-day knowledge
and theories concerning these hydrates have heen
reviewed by Steinour [8],

4.2. Hydrated Alumina (Al,Op-aq)

It has been previcusly shown Fﬁ, 7] thet githbsitc,
AlQ,3HA is the stabla form of hydrated alumina
in the system Ca0-Al;0,-H;O over a considersble
range in temperature, sud itz equilibrium curves at
various temperatures have been established. On the
vther hand, amorphous hydrated alumina is sn ill-

defined material, the properties of which vary widely
with mode of preparation end subssquent treatment.
The work described below refers to an intermediate
gtape, not as well defined a3 maerocryatalline pibbeite,
yet, sufficiently stable to permit tracing a metastable
solubility curve in the equilibrium disgram. X-rey
diffraction patterns indicate the ual tranalor-
malion of smorphous hydrated alomios to cfgibbsite.
The intermediate form thercfore will be referred to
ag microcrystalline gibbsite, or AlOy-ag. It appeare
to have an important bearing on the behavior of
the cementitions sluminates,

In ithis study the approach to metastable equilib-
rium waa from suparsaturation. Caleium aluminata
solutions were prepared at 21°C az described above
filtered, analyzed, and diluted with measured
amounts of distilled water to furnizh a series of solu-
tions of decressing concentration. From the more
concentrsted solubions & eeperation of solid phazss
occurred  fairly rapidly at first, and then more
slowly, as the solutions graduelly approached a
steady state. Ae the initial coneentration of tha
diluted solutions decreased, the rate of precipitetion
decrensed. Dilute wonoealeium  sluminate solu-
tionz having less than 0.15 g of Cad per liter re-
mained ¢lear for months and showed bhut little
tendency to liberate hydeated alumine as a solid

nse.
Tabla 3 givea the solubility relations pertsining
to the Al{}y.ayg precipiteted, together with the
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indices of refraction of the producis thus formmed.
Column 9 gives the melar ratio, CaOfAL(O;, calcu-
ated from the data of columne 2 and 3 in conjunetion
with those of columnz & and 7, Celumn 10 pives
this sams ratio obtained hy direct anaelysis of the
precipitated material, and column 11 gives the molar
ratio, H,O/ALO, obtained by diwrect analyaia.
The data are arranged in order of increasing quantity
of lime in eclution after precipitation (column 77,
‘When there were =everal tume periode (preparations
7, 8, and 07, the srrangement pertaing to the aarlieat
recorded time period.

In figure 5, the ¢compositions of the originel solu-
tions are indicnted by clozed circles, snd crosses
show the compositiona of the solations after preeip-
itation of & portion of the alumins as a solid phase.
The ﬁﬁums accompanying the lines conoecting thae
original apd subsequent compositions give the
calevlated molar ratios, CaOfALD,, in the materialy
precipitated. The connecting lines do not neces-
sarily reveal the actual conprse of precipitation.

For the most part the procipitated materinl
coneisted of mall pellets or spherulites of hydrated
alymina with occasional fiakes of the same matenisl,
The indices of refraction of the hydrated alumina
when first formed, glthough rariable, averaged about
1.50, and later increasef as the hydmicd alumine
ngnti, As in the work deseribed earlier, the refrac-
tive index of the surface of both pellets and flnkes
increased more rapidly than that of the interior.
Clonsequently, it was rather difficult to determine
the indices accurntely. However, the refractive
index of the cuiside sheil inereased to as much as
1.58, and that of the interior was definitely legs.

The gradual increase in refractive index is in ling
with resuli= given in previous papers [4,6].  Assarsson
[23] repo similar findings, and, on the basis of
X-ray analygis, came to the cenclusion that gibbsite
was the final product of the aging, even though his
samples of hydratcd aluming contained hetween
3 and 4 moles of H,(} rather than the 3 prescribed
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for gibbsite, AlO,3H,0. The axira water he
ascribed to adsorption.

X-ray diffraction patterns of samples of
hydrated alumina were found in a former investiga-
tion [6], 83 well as in the present study, t¢ contain
the §ines characteriztic of pibbeite. The intensit
of tha lines increassd aa the hydrated alvmina ﬁﬂd
1t was noted also that the molar ratics, HaO/ALD,,
were il mony instances between 2 and 4 (see table 3,
eolumn 11},

Theze studies show that the hydrated alumine
thet 13 formed is converted to gibbsite on aging.
The conversice is, however, vary slow at Toom
temperatures. The product demgllnted ALOs-ag
thus appears to be essentially gibbsitc but with a
raicrocrysialline strueture.  As such its solubility
would be expected to be greater than that of macro-
cryetalline gibbsita,

A foew hexsgonal crystals wern aleo ohserved in
some of the precipitates, also a little CyAH. in one
precipitate and traces of caleite in two others. The
pregence of these lime-besring materialy contributed
to raising the molar ratio, Ca(lAlOy, in the preecip-
itates, In several instances {notably, from prepara-
tions 7, 8, and 0) the hexaponal plates that appeared
at first, Jater disappeared ot decreased in amount as
separation of hydrated alumins progressed.

In figure b & line is drawn from U to B through
the pointa indicated by erosses and extended from
7 to an undetermined point F. The valtes from
preparations 1 and 2 show concentrations of alumins
in solution somewhat sbove PUB, but, as mentioned

reviougly, the precipitation of hydrated slumina
?mm the more dilute calcium aluminate solutions
was very slow, Below a coneentration of 0.15 g of
Ca( per liter the approach was ac slow that the sec-
tion of the curve dﬂ could not be determipned satis-
factorily. For preparations 7, §, and 9 the crosses
represent the compositions of the solutions at 344,
304, and 205 days, respectively. At the later time
periods (not shown 1n fig. 5), the precipitation
ourves chenged direction snd approsched 11 in the
genars) direction from B to U.  The location of the
invariant pomt B from many determinstions has
already been discussed.

4.3. The Systemn Cn0-AL0,-H,O ot 217 C

Comprehepsive equilibriom studies in the system
CH-U-AJEQ:«-H:D have been attempied only relatively
recently. The work in this field has becn reviewed
by Bessay [24] and by Steinour [8].  The former also
reported the results of extensive investigetiops by
Len and Bessey in which attempts were made to
rench equilibrium by various methods of approach.
Although the results did not permit a thotough
analysis of the metastable relationships, they gave a

eral picture in substantial agreement with a more
etailed report made snbsaguently by Walls, Clarke,
and MeMauridie [6).

Recently, IV Ans and Eiek [25] have published the
regulis of their studies of the phase equilibrium
relations in the system Ca0-ALC, - H.0. ey made
gufficient measurements to verify in the main those
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set forth by Wells, Clarke, and MeMurdie, In their
dinpram they added three other solubility curves for
thrae preparations of hydrated alumine,  From their
data, however, it is doubtful if they stfained even
what might be termed “metastable &%uilibrium.”

Figure 6 15 & di m of the ayetem Cad-A1,0-H,0
at 21°C (Walls, Clarke, and MeMurdie) [B], supple-
mented by the solubility curve for AlOsaq taken
from figure 5. The solubility curves in ne of
stable equilibria are represented by heavy solid lines,
Upward extensionz beyend the junction of thesa are
shown by dashed lines bacause they represent meta-
stable conditiona. The only aolid phases that hava

ions of true zolubility are macroerystalline gibbeite
(41,05 SH,0) from H to F, isometrio3Ca0» ALy $H0
from F to V, and Ca{OH}, from V to C. Thus, Fis
a atable invacant point (0.33 » of CaQ and 0.02 g of
ALQ), par liter batwoen ALOL-3HLO and 3Ca0- AL,
H,;0, and V batwean 3Ca0-ALO-6H 0 and Ca(OH},.
The solubility of macrecryatalline Ca{OH); in Ipure
watar is represented by O as 1.15 g of Cal} per liter,
Consequently, from to F 3(§aﬂﬁAl¢0,-6H20 18
metagtahle In respect to g'ihhaitua, and conversely
from F to J, gibbeite is metastable in respect to
3Ce0-ALO, 6H,0,

Tha heavy dashed line ABD iz & metastable soln-
bility eurve for the ‘‘hexagonal” crystalline produets
of wared CaO:ALD; vatio. At t thought, the
cha;ge in the molar ratio of 2Ce0:ALO, {at ﬁ.j o
#Ca0:ALC, (at D} along s smooth solubility curve,
with noe appsrent infervening invariant pointa, aug-

sta a continuous solid salution series. However,

-ray studies indicste that the hexagonal hydrated
alymineies along the curve ABD arg more likely
intergrown mixtures of the crystals of flat hexagonal

lates represented by the end members, To sccount
or the intergrown mixtures of cryatals along ABD
the curves QRS and TRV were drawn to indicate
approximately tha probable true metnstable equi-
Iibsia {for 2Ca0- - EHLO and 4C=0- 41,04 13H,0.
However, it is more convenient to refer to the over-
lapping curve ABD as the metastable equilibrium
curve of the hexagonal hydrated aluminates.

The curva PI}E? taken from figure 5, repressots
the solubility of the form of hydrated alumins herein
tarmad microcryatalline gibbsite, or AlLOyag. 16 is
metastable with respect to macrocrystalline gibbsite
ALO,AH,0, the salubility of which is represented
by the corve HFJ, B 12 a mctasieble invarant
print between AlLOpeq and hexagonel hydrated
aluminate, presumably 2Ca0- ALD, 8H,0. The other
metnstable invanant 1= TF, which oceurs at the inter-
section of PUB with EF, the metasteble porticn of
the surve EFV for 3Ca0uALO-6H . It occurs at
& higher concentration of alumine in solution than
does F, the stablc inveriant point,

The solubility relationships of the CA-hydrate, ao
far as is koown, have ot yet been investigsated.
For the present the reasonabla assumption will be
made that the approximets curve ABD will apply
to the CA-hydrate as well as to the ether hexagonal
hydrates.
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5. Reaction of Water With Calcinm Alumi-
nates and Aluminous Cements in Rela-
fion to the Phase Equilibrium Diagram

The r:fioq where tha setting and herdening of
calcium sluminates and aluminous cements oceurs is
shown in figures 1 and 3. In figure 7 this region is
represented by the eromhatehed area superimposed
upon the phase equilibrimmn disgram CaO-ALO,-H0.

I+ should be noted that the superimposed ares is
long and narrow, and that from A7 to A it elosal
parallels the Cla(-Aly))y composition line, From
to B it curves, following more or lesa the curved
gection AB of the curveniBD, which pertaing to the
metastable hexaronal hydrated caleinm alominates.
In goneral, the ares liez to the right of the curve
AB% The selutions within this ares contein more
than 0.4 g of Ca per liter.

The high degree of supersaturstion sttajned by the
enleinm aluminate solutions during the esrly stages
of the reaction of water with anhydrous caleium
aluminates and alurmimons cements 11 evident,

Le Chatelior [26] postulated thet the setting of
cementitious materials invelves the formation of
solutions spproximately saturated with respect to
the anhf'dmus phasge, butaopersatirated with respeect
to tha le=a soluble hydrated phasc or phases. The
auhbsequent precipitation of the hydrated phases i,
therefore, an important factor attending the
of setting and hardening. In the case of the caleium
sluminates and alumincus cements, the approach to
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final equilbrium is stepwise; Srst, & fairly rapid
approach to s metnstable state (B) followed, 2econd,
b¥ & slower change to & stable state (F). Thus, the
initial changes in respect to the lime and alumina
take place in the sres indicated by A'AB, figure 7,
while the later changss oceur within the area UFJB.

It should be ed that Ca(OH): occurs as a
solid phase in the sgntﬁm Cal-ALO-HLO at 21° O
in the vieinity of C, figure ¥ {1.15 g of CaQ per
liter). From the diagram it can ba seen that the
products formed in the setting and hardening of the
cementitiouz eluminatez are at concentrations of
lime far mors dilute than this. Consaguently,
Ca{(JH), iz not formed ag a solid phese from the
calcinm aluminates or caleivm aluminate cements.
In contrast, Ca{OH}, is formed a8 a solid phase in
the hydration of portland cement.

The hydrated-elymina phase hae heen discuesed
abave, %‘hﬂl‘ﬂ remain t¢ he considered the hexagonal
hydrated sluminates. Most of the early investi-
pators in this field concluded that the hexaponal
plates they obzerved were s Cid-hydrate, Ler
work by Lafuma [27], As=arsson [16], Dubuis=on [28],
and others hes afforded ampls evidenes that, in the
area uander consideration, the hexagonal phase
precipitated & & ChA-hydrate, Support for this
conchision may be drawn from the date of Wells,
Clarke, and McMurdie [6] from which the curva
ABT) was conatrueted.

In general, the C/A molar ralio in the precipitate
incrensed from 2 to 4 us the CeQ remaining in solu-
tion increased. There were no extonsive sactionsz
afong the curva ABD, where the CA ratio of the solid
pheses was exactly 2.0, 3.0, or 4.0, such as would
charecterize & series of separate and distinct solu-
bility curves of & hydrated dicaleium, triegleivm, or
tetrsceleiom aluminate. It is cignificant, however,
that all of the initial splutipns having molar ratios,
CaQfALQ,, tess than 2 gave rise t0 precipitates hnving
molar ratios that approximated 2. [Initial solutions
havmp melar ratioz preater than 2.1 produced pre-
cipitates having molar ratios less than the respective
original solutions. ‘Those initial solutions whose
compoeitions were ecither on or vag close to the
3Ca0-Al/Cy composition ime yielded =olid phases
whoze molnr ratios, Cal}{AL0,, wers much less than
3 {ranging from 2.20 1o 2.32).

Steinour [8] plotted the CfA ratio for the solid
phases against distance slong curve ABD, using the
data obtained by Wella, Clarke, and MeMurdie. A
gimilar gra%h, based on the same data, is shown in
figure 8, where the CfA ratip of the previpitate is
plotted against the lime or alumina in solution. The
elrve shows the sbruptness of the transition betwean
golids having the zimate compositions 200
AliOy-aq and 4Ca()- -aq. Jt may be noted that
when the (/A ratio in tile solid phase muora nearly
approaches 2.0 the concentration of both the Iime
an aluming ranges from about 0.4 to 0.5 g per liter.
This iz m the region of A In figure 6.

The curve fails to phva any avidence of the existence
of a distinet hexaponal Ch,A-hydeste, This is
accord with the conclesion drawn from the X-ray
evidence [5].
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On the hasis of the foregoing it appesrs that the

hexagonal phase precipita in the area A'AB,
figure 7, iz the C‘,X-hy te“rng]?mm varipus lines of
evidemce this coneclusion may be considered well
established, insofar as it pertains to aluminons
cements treated with s relatively large volome of
water at room temperstura. Om the other hand,
there iz avidence that another hexagonal phase, the
CA-hydrate, may be formed during the hydration of
aluminoys-coment pastes, This is considered further
in the following section.

6. Filect of Temperature on the Hydration
of Calcivm Aluminates and Aluminous
Cements

8.1. Theoretical Considerations

Ip to this point the mechanism of the reaction of
water on caletum aluminates and the region where the
reactions occur have been discussed d:rimari]g i
relation to tha eystem CaO-ALO-H O ai 231° C.
The effect of temperatuyre on hydrated ealeinm
sluminates and caleium sluminate cements mvolves
not only consideration of ghifts in the solubility
enrves {}ut alao chaupes that may occur in the
hydrated phases. ] .

It i3 well known that if aluminous cementa are
hydrated at elevated temperatures (in excess of 35
CY}I Or fire g uently exposed to auch temperatures
the strength of the concrete is affected adversely,
eepacially if the concrete 15 kept moist. [t has heen
suggezted by Lea [29, 30] and others that the fall in
strength may be caused by formation of cubic 3Ca0-
ALOg6HD. In sn investigetion of the mechanism
of the fall in strength of aei high-slumina cement st
tmmms_ wbove normasl, Lea also showed that a
similar fall in strehgth occurs with moncealeium
aluminate. This was aseribed to a transformation of
the metastable less-basic hydrated aluminates into
the stable tocaloum aluminsts hexahydrats, - .

Tha gbove hypothesis iz in a.imemunt with the
conclusione dravm by Wells, Clarke, and McMurdie
i8] from their study of the ayatemn CaO-AlLD,-H,0.

In that investigation it waa shown that the hemagonal
hydrates initially formed are metastable with respect
to Oy AH,, but that the transformation to the stable
form iz extremely slow at 21° O, Lea [30] discussed
the likelihood of the formetion of & monocalcium
sluminate gel &t lower temperatures, followed by the
conversion to 2Ca0-ALO,8H,0 and hydrated alu-
ina &t ordin temperatures and the ultimate
trangiéion of Oy AH, to CyAH, a6 higher temperatures,
The diagram CaQ-ALO-H:O has not been worked
out at temparatures below 21° C,

Peppler and Wells [7] recently made s study of
the system Ca(-AlLOy-H,O at temperatures ra
from 50° to 250° C. They found the
hydrates to be in 1y unsteble at the er
temperafures. At 80° 8_ CAH; b to form
within the first honur, Af 120° O and Ligher, the
hem:mal hydrates were completely supplanted hy

Ce

The evidence clearly indicates that the b nal
CeA-hydrate is converted to the mora stable GGAH,
at a rate that increases rapidly with temperature.
Thus, there are ample grounds to support belief

that the transformation of the metasiable hexagonal
C:AH; to the stable isvmetric C;AH, is & factor of
momant in ex laininﬁ the retrogression in strength
of hydrated ﬁafmum uminates and hydrated alurni-
nous cements as the temperature is raised.

Nevertheless, another very important factor thet
seems not (0 have been considered is the transforma-
tion of gelatinous hydrated alumine, AlOyaq into
mae: talline gibbsite, Al;0,-3H,0, with & result-
ant loss in its binding properties. .

It has long been proposed that the cementin
properties of portland cements are inseparably allie
to 51& binding power of colloidal or gelatinous hy-
drated caleium silicates formed during the process
of setting and hardening. In an aneloggua manner,
it i here suggeated that the setting and hardening.
of caleinm sluminates and aluminons cements is
Lrought about to & considerable extent by the forma-
tion of coMloidal or gelatinous bydrated alumina,
which may be the poncipal “inorganic glue.” Any
factor that would alter the inherent characteristica
of such a gel-like material should in turn be reflecied
in a change In the propertics of the hydrated alumi-
nates or cements.

For example, it is known that the temperature of
formation, and the temparature at which hydrated
alumina gels are maintained, grestly sffect the prop-
erties of the gels, Furthermore, if the termperature
is safficiently hight;lﬁala may not be formed, but n-
gtead » macroeryetalline product. Thus, in tfm Tamil-
iar Bayer process for the extraction of alumina from
bauxite, it is ized that if the extraction with
sodinm imydmxiﬂa 18 dona nt, elevated temperatures to
produce supersaturated sodium aluminate solutions,
and if the solutions thus produced are kept hot, the
hydrated alumina will subsequently precipiiata as
well-developed crystals of gibbaite, AlLO3HL.0.
Such crystalz can be filtered and washed. On the
other hand, if the sypersaturated solutions ate not
1 lft-:nt;:i then & more gelatinous hydrated slumina
is forme
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The sama princi}‘;le pppliea to the calcium alumi-
nates, The latter, hewever, being much less soluble,
do not preduce the high alkahnity neressary for
- rapid conversion to macrocrystalline gibbaite.

It was shown grwinusl:,r that, in the reaction
between water and alumincoue cement at 21° O, &
metastable solution iz formed having approximately
the composition indicated by point B in figure 7.
The concentration at this point is 0.13 g of ALQ,
and .46 g of CaO per liter, The pH is about 11,75,
representing & concentration of Ca(OH): (in excess
of the monocaleiom aluminate in solution) equivalent
to 0,35 g of Ca0 per liter. At point F it is slightly
lower. g[‘h«e: eoncentration at saturation ia 1.16 g per
hiter. Thus the aging of the hydrated slumins, at
21° C, takes place in & CafOH); solution only about
one-third zeturated.

At higher temperatures the conceatration of Cal
st the invariant point remains about the same.
Thus, Peppler and Welle [7] found that at 50° and
120°% the CaQ concontration st the imvariant point
wns ahout 0.3 g per liter. Because there is eesentially
no chanpe in alkslinity as the temperature is reised,
the increazed rate of ch from gelatinous AL,
aq to mecrocryatalline gibbeite must be aacribed to
a direct affect of incressed temperature on the hy-
drated alumina.

6.2, Exparimeniz With Cemsnt Pastes Cured at
Various Temperaturas

To gain some information 28 to the nature of the
hydration products formed at different temperatares,
8 Tew experiments were conducted on hardened
cement pasies. Three cemenis were used: Nos, 4
and & (tabls 1) and an alumineus eenens of recont
mannufacture, designated No, 8. The latter was of
the same brand as No. 1 (table 1} but diffared con-
siderably from it in composition.

The cement waz mived with water in the retio
wic=10.238, snd portions of the pastc were placed in

lasa vials and stored under water for 7 days at four

iffarent temperatures: 24°, 35°, 50°, and 30° O
The specimens then were dried, and surface areas
were datermined.

X-ray powder difirsction patterns of the hardened
pastes were also made. Samples used for this pur-
poze were dried only superficially. By comparison
of the patterns with those of the anhydrous cements
it was eoncluded that much of the cement remained
unhydrated after the curing period. The patierns
for the anhydrous cementa were rather complex, but
in both Nos. 4 and 8 there was a series of lines sgree-
ing fairly well with the published patterns for en-
ite, CbAS. These linea persis in tha hydrated
pastes, as would be expecied from the known inert-
nesa of pehlenite. A few other lines were tentatively
ascribed to Call-AlLDy; these disappeared after hy-
dration. By reference to table 1 it mey be noted
thai neither of these coments was expected to contain
gehlenite, Thus considerable donbt is caat on the
validisy of the calculated compositions. This is not
necessarily a reflection on the method of caleulation
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more likely it indicatea that the separation of tha
meoluble residue, a ne prelimin alep, is
very sensitive to small variations in procedure,

Irrespoctive of arsumptions as to the composition
of the anhydrous cement, the lines due to the phases
formed on hydration in most cases could be dis-
tinguished when the patterns were compared. There
wers, of coursa, some ambiguities resulting from
coincident ot everlapping reflections, but thess wera
infrequent at the low-angle end of the pattern. By
comparison of the entire series of patterns, no lesa
than six distinet sete (or partial sets) of lines could
be distinpuished, re resanth’}g the phases listed in
tha last column of table 4. These will bo considered
separately.

(1} Lines of the cubic C:AH, were readily dis-
cemnad in the patierns of all three caments cured at
80°, in two cured at 50%, and in onea cured nt 35°
(trace only). In most cases the lines werse displaced
slightly toward higher sngles, presumably by the
presence of Silk: in solid solution, and in & few in-
stances there was evidenca of & double hydrogarnet

attern. The significance of these displacements has
gaen diseussed in & recent paper [alcji

(2} The C:A-hydrate could be identified by the
lines at spproximately 10.6 and 5.3 A, representing
itz widest d-spacings, It gecurred in all thyee pastes
cured at 35, and as traces in two cured st 247,

{3} The phase designated CA-hydrate was identi-
fied by the lines at about 14.6 and 7.3 A, in agreement
with tho pattern given by Longuet [21]. Tt waa the
gradominant- phase in sll three cementa cured at 24°,

ut waz not present at hirher temperaiures.

(4} The phase designated z gives & pattern identi-
cal with some recently cbtained in this laboratory
for & pracipitated caleium aluminate hydrate of un-
certain composition. [t is similar to the pattern of
CiA-hydrate, but the d—sﬂmings of the first two lines
are distinetly smaller {ahout 7.7 and 3.85 A) than
thoss reported l:g MeMurdie [6] for the CA-hydrate.
[t may tentatively be considered » less-basic calcium
sluminate hydrate. It was ohaarved in the hydrated
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pastes of cements 4 and & at the three lower tempera-
tures, and in two cazes was the predominant phase.

{5 The patiern of phnse ¥ was reloiively weak,
and was defined only by lines at about 12.5 and 6.25
A. Tt ie thus similar to the patterng of the known
hexagonal aluminates (and pﬁnae z} in having {wo
low-angle reflections, the second &t one-hali the
d.apacing of the first. Phase y was obesrved in all
three pastes cured at 35° and 50°. )

{} Presence of & phase designated = was mferred
from the ocowrrence of & single line at about 4,835 A
in the patterns of all the pastes cured at 50° and 80°,
and {in =maller amounts) in two cured at 35°. Al
though this is insufficient for the purpose of identifi-
eation, it should be noted that the position ia that
of the Emdnnﬁnnnt line of gibbaita. sctiong cor-
responding to the less prominent lines of gibbsite
were also ohearved, hut they o were very wask
or aeeurred m positions where they might ressonabl
be mitributed to some other phaza, Thus the ev-
dence for identifying phase = with gihbsite remains
inconclusive,

The X-ray data may now be summarized as fol-
lows: (&) Some unhydrated cement constituents re-
main after 7 daye curing, the amount dacreasing as
the curing temperature is increazed. (b) CA-hydrate
19 formed at 24°, (¢) At intermedisie temperatures
;A-hydrate and two other phases, at lenst one o
which iy & hydrated caleinm aluminate, are formed.
{(d) At higher temperatures, CiAH,, probably con-
taining & little 5i0);, is formed; also sn unknown
phase that may be gibhsite. (e} The three cements
are eseentially similar in bebavior although minor
differencea exist.

Suﬁfaﬁa Rreaa of thpi;. hardened pastes were d:aiter-
Tnine nitrogen sbeorption, using a procedurs
deacﬁbec{ by Emmett [32]4 Tha samples were first
crushed ana vacuum dried for & week at room tem-
perature. The surface sreae found are given in
table 5, In comparing the data it ehould be borme
in mind that none of the pnstes werc complets]
hydrated, and that the degree of hydration increase
with temperature. Hence, in the absence of other
effects, an inrrense in surface arca with femperature
would have been expected. There is, instesd, a

decroase, most of which oceurs between 24°
and 35° . The cortelation between high surlace
srea and the predominapce of CA-hydrate in the
set cement is readily apparent. Aside from this, tha
relations are too complex to warrant any definite
eonclugions, The dats fail to show any marked de-
creage in eurface area attending tha formation of the
cubic C3AH,. As to the sugpested role of the aging
of Al,0y.aq, the data provide no definite information.

7. Summary

A stiedy was made of the reaction of water st room
temperature on eight glumingue cements of different
compositions. The results were compared with data
previously obtsined from similer tests on the caleium
aluminates, Deapite the wide variation in gompound

' T anribce area bortalostions wars mads iy O, M, Hootaod V. Dantzler,

composition, &s enleulated by the method of Parker,
the eemenis were remarkably similar in their reaction
with water, ILike the three ealcium aluminates less
baeie than 3Ca(-AlLO; the aluminous cements
produced supersaturated calcium sluminate solutions
1n which the molar ratio of Call to AlL), was slightly
greater than 1 to 1. The metastable solutions,
originating from the pure caleium aluminates, de-
crepsed in concentration rather rapidly as solid
phases precipitated out, unti! a ‘‘stendy atate’ was
renched at m concentration of approximately Q.16

of Al#); and 0.46 g of CaO per Iiter. Solutions
romn the alutminots cements smilarly teached sn
nverage concentration of 019 g of AL, and 046 g
of CaQ liter. In both casss the precipitate con-
sigted 1efly of & hexaponal calcium aluminate
hydrate, 2Ca0-ALOR8H.0, and nn  apparenily
amorphous form of hydrated alumina designated
ALOaqg. Small amounts of the isometric hydreate,
3Cea(r A0, 6H.0, were al=o found in some instaoces,
The precipitation process weas accompanied by an
increass in sH Irom about 11.25 to about 11.7, even
though the total Ced in solution was decreasing.
Thiz 1= in agrecment with the results given in an
earlier paper, in which it was shown that the alum-
ina exists in solution g monocalciom sluminate and
that only the Cal} in excess of that combined as
mHﬂnuca]cium sluminete iz effective in raising the
pH.
Caleulations baged on the assomption that mone-
hasic sluminic scid hes an ienization constant of
107" lead to a theoretical value of about 11.25 for
the ¢H of the hydrolyzed calcium aluminate solution,
which ig in agreement with the av of the ob-
served valuea for the solutions obtained in the early
stagea of the reaction of water on the caleium alum-
inates and aluminous cementsa,

The phase equilibriom diagrem for the gystem
Ca0-AL0.-H;QO &t 21° C indicetes &hree siable

hases: gibbsite (ALO,-3EL0), 3Ca0-AL0,-8H,0, and
a{0H).. Themveriant point between gibhalta and
30a0-Al0,6HO is placed at 033 g of CaQ
and 0,02 p of ALO, dper liter. Moetastable zolu-
bility curvez are included for 2Ca(-AlQ,.8H,0,
4Ca-ALO;-13H0, and a microcrystalline form of
hgvdrat.ed alumina designated Al;O;aq. This form
of aluming separates from the supersaturated solu-
tiona a3 flakes wnd minute pellete containing 5 to 4
moles of HiD per mole of A]EEIO.. The index of refrac-
tion, originally about 1.50, slowly incresses to a3 high
as 1.56, the increase being more rn?id a¢ the surface
than in the interior of the particles. This study,
roupled with the results of X-ray examipation by
other investigatore, leads to the conclusion that the
m? is gibbsite in microcrystalline form. Be-
cauge of ita extrema fineness it has & higher solubility
than macrocrystalline gibbsite,

The hvdration of the less basic caleivm aluminates
and the aluminous cements decuts in that part of the
gyetem Ca0-AlO-H, 0O in which 2Ca0. SH;0O
and AlLOw.aq are precipitated. Both are capable of
being trensfo to more stable phases; the former
to isometrie 3Ca0WALOH-6HO plus afumina, the

35z




latter to macroerystalline pibbsite. The region of
formation of 4Cn(-AlLO-13HO is not reached in
these hydration processes. The part played by
- monocaleium  alumicate hydrate is still largely
undetaroined,

Highar tempernturea aceclerate the transforma-
tion of the metastable to the stable solid phases.
The rapid cobversion of the hexaponal bydrated alu-
minates to the rounded grains of 30&6".&110'51{50
13 usually considered to tha chief couse of the
retrogression in strength undergone by alumincus
cementsa on heating, [t is here supgested that the
aging of Al:Oy-aq to macroerystalline gibbsite may

an important factor in tha loss of strength at
higher tem tures, Experiments with herdened
pastes of three wluminous cements indicnted that
monocalcium aluminate hydrate i the chisf hydra-
tion product st 24° C, while tricalciom aluminate
hexahydrate predominates at 80 and & number of
other phnses are formed at intermediata tempera-
fures. The suriace areaa of tha pasies cured at 24 C
were much hizgher than thoese of pastes cured at
higher temperatures,
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